Simple laboratory experiments are also proposed to validate the theoretical knowledge.
INTRODUCTION
Biomagnetics is a new research field for scientific investigation of the relations between living organisms and magnetism [1] . Applying an interdisciplinary approach, it covers a wide range of fields from medicine and biology to physics and engineering. A technique of localized and vectorial transcranial magnetic stimulation (TMS) has enabled us to obtain non-invasive functional mapping of the human brain [2] [3] [4] . Recent studies have shown that TMS potentially has therapeutic effects for several diseases such as mental illnesses, ischemia, and cancer [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
The development of bioimaging technologies such as functional magnetic resonance imaging (MRI) and magnetoencephalography (MEG) enabled the identification of the locations of human brain functions. Despite these technologies, however, it is still difficult to understand the dynamics of brain functions, which include millisecond-level changes in functional regions and dynamic relations between brain neuronal networks. We are developing a new imaging principle of MRI for visualizing neuronal electrical activities and electrical conductivities in the brain [16] [17] [18] [19] [20] [21] [22] [23] . This method potentially has millisecond-order high temporal resolution and millimeter-order high spatial resolution. In this paper, recent advances in biomagnetics and bioimaging for studying brain functions are reviewed and discussed based on the results obtained mainly in our laboratory. The review includes TMS, MRI, and cancer therapy based on magnetic stimulation. [2] TRANSCRANIAL MAGNETIC STIMULATION Our devised method of localized brain stimulation uses a figure-eight coil [2, 3] . When a strong electric current is applied to a figure-eight coil over the head for 0.1 ms, a pulsed magnetic field of 1 T is produced. This magnetic field generates eddy currents in the brain, which stimulate the neurons. For example, by electrically stimulating the motor area of the brain, which is responsible for movement control, a person's fingers can be induced to move involuntarily. We have succeeded in selectively stimulating the human cerebral cortex with a spatial resolution of TMS has been used for psychiatric treatment in numerous studies as an alternative to electroconvulsive therapy (ECT). However, the difference in current distributions between these therapies has not been clarified. Numerical simulations of ECT and TMS were carried out using a simplified three-layer model and a detailed model of the human head [5] [6] [7] . The simplified model was constructed from magnetic resonance images. The model consisted of 3 types of tissues with different conductivities representing the brain, the skull, and the scalp. In the ECT model, a voltage of 100 V was applied through electrodes which were located at unilateral and bilateral positions. In the TMS model, a figure-eight coil (6 cm diameter per coil) was placed on the vertex of the head model. An alternating current with a peak intensity of 3.0 kA and a frequency of 4.2 kHz was applied to the coil. Because the skull had a relatively low conductivity, a significant amount of the current flowed along the scalp and did not penetrate the skull. The maximum current density in the brain was 266 A m -2 in unilateral ECT, and 234 A m -2 in bilateral ECT.
While the skull significantly affected current distributions in ECT, neither the skull nor the scalp disturbed the magnetic fields in TMS because the magnetic permeability of the tissues was almost equal to that of air. Thus, the magnetic fields efficiently induced eddy currents in the brain. TMS is a useful method to examine dynamic brain function without causing any pain, producing so-called "virtual lesions" for a short period of time. We were able to non-invasively evaluate the cortical reactivity and functional connections between different brain areas. We studied an associative memory task involving pairs of Kanji (Chinese) pictographs and unfamiliar abstract patterns [4] . Subjects were ten Japanese adults fluent in Kanji, so only the abstract patterns represented novel material. During memory encoding, TMS was applied over the left and right dorsolateral prefrontal cortex (DLPFC). A significant (P < 0.05) reduction in subsequent recall of new associations was seen only with TMS over the right DLPFC. This result suggests that the right DLPFC contributes to encoding of visual-object associations.
Recently, repetitive TMS (rTMS) has become an increasingly important therapeutic tool for the potential treatment of neurological and psychiatric disorders. We investigated the effect of rTMS on long-term potentiation (LTP) in the rat hippocampus [8] . Rats were magnetically stimulated at a rate of 1000 pulses/day for 7 days by a circular coil, in which the peak magnetic fields at the center of the coil were 0.75 and 1.00 T. LTP enhancement was observed only in the 0.75-T rTMS group, while no change was observed in the 1.00-T rTMS group. These results suggest that the effect of rTMS on LTP depends on the stimulus intensity. In another study, LTP was induced after the hippocampal slices were exposed to ischemic conditions [9] . The LTP of the stimulated group was enhanced compared with the LTP of the sham control group in each ischemic condition, suggesting that rTMS resulted in acquisition of ischemic tolerance in the hippocampus.
The effect of rTMS on injured neurons was investigated in the rat brain after administration of the neurotoxin MPTP (l-methyl-4-phenyl-l,2,3,6-tetrahydropyridine) [10] . The rats received rTMS (10 trains of 25 pulses/s for 8 s) 48 h after MPTP injection. Tyrosine hydroxylase (TH) and NeuN expressions were investigated in the substantia nigra. The functional observational batteryhunched posture score for the MPTP-rTMS group was significantly lower and the number of rearing events was higher compared with the MPTP-sham group. These results suggest that rTMS reactivates the dopaminergic system in the brain. Detection of weak magnetic fields induced by neuronal electrical activities using MRI is a potentially effective method for functional imaging of the brain. We performed a numerical analysis of the theoretical limit of sensitivity for detecting weak magnetic fields generated in the human brain [22] . The limit of sensitivity was estimated from the intensities of signal and noise in magnetic resonance images. The signal intensity was calculated with parameters which are commonly used in measurements of the human brain. The noise due to the head was calculated using the finite element method (FEM). The theoretical limit of sensitivity was approximately 10 -8 T.
[4] CANCER THERAPY Magnetic force acting on magnetic materials moves the materials along magnetic field gradients.
A new method to destruct targeted cells was developed using magnetizable beads and pulsed magnetic force [11, 12] . TCC-S leukemic cells were combined with magnetizable beads (diameter Fig. 3 . We hypothesize that the instantaneous pulsed magnetic forces cause the aggregated beads to forcefully penetrate or rupture the targeted cells. The magnetic force acting on any particular material is proportional to the magnetic field, magnetic field gradient, and the magnetic susceptibility of the material. When the nanoscale particles inside the beads are closely assembled, the magnetic mass susceptibility is sufficiently high to force the attachment of the beads to the cells by the magnetic force. The magnetic force acting on the aggregated beads was strong enough to shift the beads and damage the cells.
We investigated the effects of repetitive magnetic stimulation on tumors and immune functions [13] [14] [15] . Magnetic stimulations were applied from a circular coil with the following conditions: TNF-a production significantly increased in the stimulated group (146 -164 % vs. the sham group). In an in vitro study, isolated spleen cells (lymphocytes) were exposed to the magnetic stimulation (25 pulses/sec, 1000 pulses/sample, and eddy currents: 2.36 -2.90 A/m 2 ) and a proliferation assay was performed. The poliferation activity of the lymphocytes was up-regulated in the exposed samples. These results indicate that the immune functions might be activated by repetitive magnetic stimulation exposure, resulting in a tumor weight decrease. [6] ACKNOWLEDGEMENT
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